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HIGHLIGHTS 


►  Temperature  dependent  local  disorder  in  LiCo02  bulk  and  nanoparticles  is  studied. 

►  The  nanostructuring  is  found  to  have  direct  influence  on  the  bondlength  characteristics,  in  addition  to  the  random  disorder. 

►  The  Co-0  bond  strength  is  substantially  changed  in  nanoparticles  in  comparison  with  the  bulk. 
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Temperature  dependent  Co  K-edge  extended  X-ray  absorption  fine  structure  is  used  to  investigate  local 
disorder  in  LiCoC>2  nanoparticles.  We  find  that  the  nanostructuring  has  direct  influence  on  the  bond- 
length  characteristics.  The  results  reveal  a  substantial  decrease  in  the  force  constant  of  Co-0  bonds  (the 
Co-0  bonds  becoming  more  flexible),  while  that  for  the  Co-Co  bonds  showing  hardly  any  change  (or 
increases  slightly)  in  LiCo02  nanoparticles  with  respect  to  the  bulk.  Therefore,  both  random  disorder  and 
Co-0  bondlength  flexibility  should  be  the  factors  to  limit  the  battery  characteristics  of  the  LiCo02 
nanoparticles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  structure  of  cathode  materials  greatly  influences  the  effi¬ 
ciency  of  Li  ion  batteries  including  the  reversibility  of  the  Li  ions 
diffusion  [1 — 4],  Among  others,  LixCo02  is  a  well  known  cathode 
material  for  the  rechargeable  Li  ion  batteries.  Most  of  the  LixCo02 
cathodes  in  use  are  bulk  materials  in  which  the  lifetime  is  the 
main  concern  because  during  the  charging  a  compact  crystal 
structure  (bulk)  sustains  bond  breaking,  having  direct  conse¬ 
quences  on  the  reversibility  of  ion  migration  in  the  cathode  [1—3], 
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Nanoparticles  can  be  used  to  overcome  this  problem  due  to  strain 
compensation  characteristics  led  by  increased  surface  area  [5-8]. 
This  should  be  beneficial  for  the  battery  life  and  reversible  deli- 
thiation/lithiation  of  the  cathode  material  during  the  charging/ 
discharging. 

Indeed,  battery  characteristics  are  found  to  be  highly  influenced 
with  variation  of  particle  size  in  LiCo02  nanoparticles  cathode  [8]. 
Moreover,  there  appears  a  critical  particle  size  below  which  the  use 
of  nanoparticles  is  not  beneficial  with  the  characteristics  degrading 
with  further  reduction  of  the  size  [8],  Since  structural  disorder  in 
nanoparticles  is  one  of  the  main  concerns,  we  have  recently 
addressed  this  problem  and  studied  local  structure  of  LiCo02 
nanoparticles  by  X-ray  absorption  spectroscopy  [9],  Being  an 
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atomic  site-specific  experimental  probe  [10],  X-ray  absorption 
spectroscopy  has  been  widely  used  to  study  local  structural  aspects 
in  a  variety  of  systems,  including  the  materials  in  rechargeable  Li- 
batteries  [11-16],  From  the  study  of  size  dependence  of  UC0O2 
nanoparticles  [9],  we  have  found  that  the  nanoparticles  are  char¬ 
acterized  by  an  atomic  disorder  similar  to  that  occurring  during  the 
charging  (delithiation)  process.  In  this  work,  we  have  studied  the 
local  structure  of  LiCoCh  nanoparticles  by  temperature  dependent 
extended  X-ray  absorption  fine  structure  (EXAFS).  Temperature 
dependent  measurements  are  needed  to  separate  the  static 
disorder  from  the  thermal  disorder.  In  addition,  temperature 
dependent  EXAFS  permits  to  extract  direct  information  on  the 
bondlength  characteristics,  i.e.  bond  strength  determined  by  the 
force  constants.  From  the  temperature  dependent  Co  K-edge  EXAFS 
measurements  we  have  found  that  the  Co— O  bond  strength  in  the 
LiCoC>2  nanoparticles  is  significantly  reduced  while  the  Co— Co 
bondlengths  hardly  sustaining  any  change  (or  getting  slightly 
stiffer)  with  respect  to  the  bulk  material.  Present  study  reveals  that 
the  static  disorder  and  the  atomic  displacements  in  the  CoC>6 
octahedra  are  the  two  limiting  factors  for  a  reversible  diffusion  of  Li 
ion  in  the  LiCoC>2  nanoparticles. 

2.  Experimental  details 

X-ray  absorption  measurements  were  performed  at  the  beam¬ 
line  BM23  in  the  European  Synchrotron  Radiation  Facility  (ESRF), 
Grenoble  on  well  characterized  powder  samples  of  LiCoC>2  nano¬ 
particles  prepared  by  hydrothermal  reaction  method  [8],  The  esti¬ 
mated  uncertainties  in  the  average  particle  size  were  about  ±3  nm. 
The  details  of  synthesis  and  characterization  are  reported  in  detail 
elsewhere  [8],  The  synchrotron  radiation  emitted  by  a  bending 
magnet  source  at  6  GeV  ESRF  storage  ring  was  monochromatized 
by  a  double  crystal  Si(311)  monochromator.  The  absorption 
measurements  at  the  Co  K-edge  were  made  in  transmission  mode. 
The  samples  were  mounted  in  a  continuous  flow  He  cryostat  and 
the  temperature  was  controlled  and  monitored  within  an  accuracy 
of  ±1  K.  Several  spectral  scans  were  acquired  at  each  temperature 
to  ensure  the  spectral  reproducibility.  Standard  procedure  based  on 
the  cubic  spline  fit  to  the  pre-edge  subtracted  absorption  spectrum 
was  used  to  extract  the  EXAFS  signal  [10]  to  determine  local 
structural  parameters. 

3.  Results  and  discussion 

Fig.  1  shows  Fourier  transform  (FT)  magnitudes  of  the  EXAFS 
oscillations  extracted  from  Co  K-edge  X-ray  absorption  spectra 
measured  at  several  temperatures  on  LiCoC>2  bulk  and  nano¬ 
particles  of  different  size.  The  FT  provides  information  on  the 
partial  atomic  distribution  around  the  Co  atoms  in  the  LiCoC>2 
system.  The  FT  shows  single  scattering  contributions  from  the 
nearest  neighbour  0  atoms  at  a  distance  ~  1.92  A,  and  the  next 
nearest  neighbours  Co  atoms  at  a  distance  ~2.81  A  The  contribu¬ 
tion  of  Co— Li  distance  (~2.97  A)  is  hardly  seen  due  to  negligible 
scattering  factor  of  lithium  in  comparison  with  Co.  The  peaks  at 
longer  distances  are  due  to  multiple  scattering  contributions.  The 
effect  of  temperature  is  apparent,  appearing  different  for  the  bulk 
and  the  nanoparticles.  There  is  hardly  any  change  in  the  peak 
positions  with  temperature  and  the  particle  size,  however,  the  peak 
amplitude  is  seen  to  be  suppressed  for  the  nanoparticles,  consistent 
with  larger  disorder  [9], 

To  quantify  the  differences  in  the  local  disorder  we  have 
modelled  the  EXAFS  oscillation  due  to  single  scattering.  In  the 
single-scattering  approximation,  the  EXAFS  amplitude  is  described 
by  the  following  general  equation  [10]: 


2  4  6  8 

R(A) 


Fig.  1.  Fourier  transform  magnitudes  of  the  Co  K-edge  EXAFS  (weighted  by  k2) 
measured  on  LiCo02  bulk  (upper)  and  nanoparticles  of  different  size  (middle  and 
lower)  at  several  temperatures.  A  Gaussian  window  is  used  to  perform  the  FT  using  k- 
range  of  3-17A  Model  fits  to  the  FT  are  also  shown  (solid  curves).  Model  fits  to  the 
experimental  filtered  EXAFS  in  the  k-space  are  also  shown  (insets). 


X(k)  =  £ ^fi(K  Ri)eJ?e  ^^Sin[2kR,  +  <5,(k)]  (1 ) 

where  JV,  is  the  number  of  neighbouring  atoms  at  a  distance  Rj, 
fi[k,Ri)  is  the  backscattering  amplitude,  A  is  the  photoelectron  mean 
free  path,  Si  is  the  phase  shift,  and  of  is  the  correlated  Debye- 
Waller  factor  (DWF)  measuring  the  mean  square  relative 
displacements  (MSRDs)  of  the  photoabsorber— backscatter  pairs. 
The  Sq  is  the  so-called  passive  electrons  reduction  factor,  i.e.,  EXAFS 
amplitude  reduction  factor  due  to  many-body  effects  related  with 
the  losses  occuring  during  the  photoelectron  propagation  in  the 
material  (excitations  as  plasmons,  electron— hole  pairs,  etc.)  and  the 
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intrinsic  losses  due  to  shake-up  and  shake-off  excitations  created 
by  the  core-hole  in  the  absorption  process.  While  it  is  difficult  to 
quantify  these  many-body  effects,  chemical  transferability  is  best 
procedure  for  the  estimation  of  the  [10,17], 

We  have  used  EXCURVE  9.275  code  (with  calculated  backscat- 
tering  amplitudes  and  phase  shift  functions)  for  the  EXAFS  model 
fits  [18]  to  the  single  scattering  contributions  due  to  Co— 0  and  Co— 
Co  bonds,  well  separated  from  any  multiple  scattering  contribu¬ 
tions.  The  Nj  was  fixed  to  the  average  values  known  from  diffraction 
studies  [19].  The  Eo  and  Sq  were  fixed  after  a  number  of  fit  trials  on 
five  different  scans  at  a  fixed  temperature  on  the  bulk  sample.  The 
best  fit  values  for  the  S§  were  found  to  be  0.9  for  the  Co-0  shell  and 
1.0  for  the  Co— Co  shell.  These  values  are  consistent  with  the 
available  EXAFS  literature  on  oxides  revealing  S%  to  be  between  0.7 
and  0.9  for  metal-oxygen  and  0.8-1.0  for  the  metal-metal  pairs, 
depending  on  the  metal  and  the  structural  configurations 
[17,20,21],  We  did  not  see  any  appreciable  change  in  the  Nj  with 
decreasing  particle  size  (except  for  the  8  nm  sample  in  which  the  Nj 
was  ~  5.6  instead  of  the  diffraction  value  of  Nj  =  6).  The  fact  that  no 
appreciable  change  in  the  Nj  was  observed  unlike  some  earlier 
studies  on  nanoparticles  [22],  a  possible  agglomeration  of  smaller 
size  nanoparticles  is  not  ruled  out.  Only  the  distances  Rj  and  the 
corresponding  <r?,  were  the  fit  parameters  in  the  least  squares 
modelling.  The  number  of  independent  data  points, 
(Njnd  ~  2AkAR)/ir  [10]  were  about  18  (A k  =  14  A  1  and  A R  =  2.4  A), 
in  the  four  parameters  fits  (i.e.,  Co— O  and  Co-Co  distances  and  the 
corresponding  of).  The  uncertainties  were  determined  by  creating 
correlation  maps  with  appropriate  contour  level  established  by 
modelling  different  scans.  Any  contribution  from  Co— Li  distance 
( ~  2.97  A)  was  ignored  due  to  negligible  scattering  factor  of  lithium 
compared  to  the  Co.  Possible  anharmonic  effects  due  to  large 
atomic  vibrations  were  checked  including  higher  order  cumulants 
[23],  however,  the  difference  with  the  harmonic  case  was  negli¬ 
gible,  and  hence  not  considered  in  the  final  fits.  The  model  fits  in 
the  k-space  EXAFS  are  included  in  the  insets  of  Fig.  1.  The  real  space 
model  fits  are  also  included  in  the  Figure.  Here,  the  goodness  of  fit  is 
determined  by  the  statistical  R- factor  defined  as; 

R  =  E l  flxTO  -  Xih(k)|)*100%  (2) 

where  N  is  the  number  of  data  points,  Sj  the  standard  deviation  for 
each  data  point  i  and  x“p(k)  and  x[h(k)  the  experimental  and 
theoretical  EXAFS,  respectively.  The  R  factors  for  the  filtered  EXAFS 
fits  were  found  to  be  between  12  and  13  for  all  the  samples,  indi¬ 
cating  very  good  fits  (see,  e.g.  the  insets  of  Fig.  1). 

Fig.  2  shows  local  bondlengths  determined  by  Co  K-edge  EXAFS 
analysis  as  a  function  of  temperature  for  LiCo02  bulk  and  the 
nanoparticles.  The  particle  size  for  the  bulk  sample  is  estimated  [8] 
to  be  200  nm.  Both  Co— O  and  Co— Co  distances  tend  to  increase 
with  decreasing  nanoparticle  size,  consistent  with  earlier  studies 
[8,9].  There  is  a  small  temperature  effect  due  to  the  thermal 
expansion,  appearing  different  for  different  particle  size,  albeit  the 
differences  are  within  the  experimental  uncertainties. 

Fig.  3  shows  the  correlated  Debye  Waller  factors  (<r2),  i.e.,  the 
MSRDs  of  the  Co— O  and  the  Co— Co  pairs  as  a  function  of  temper¬ 
ature  for  the  LiCoCh  bulk  and  nanoparticles.  The  temperature 
dependence  of  a2  for  Co-Co  bonds  looks  nearly  the  same,  however, 
the  one  for  the  Co-0  bonds  is  apparently  different  between  the 
bulk  sample  and  the  nanoparticles.  It  should  be  recalled  that  the 
EXAFS  Debye  Waller  factors  (distance— distance  correlation  func¬ 
tion,  i.e.,  the  distance  broadening)  is  sum  of  temperature 
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Fig.  2.  The  near  neighbour  Co-0  and  Co-Co  distances  in  the  UC0O2  bulk  (circles)  and 
nanoparticles  (diamonds  and  squares  represent  8  nm  and  15  nm  samples  respectively) 
as  a  function  of  temperature.  The  bondlengths  are  consistent  with  the  average 
distances  measured  by  diffraction  [8], 


independent  (txg)  and  temperature  dependent  terms,  i.e.  a2  =  (Tq  + 
a 2(T).  Generally  a  correlated  Einstein  (or  Debye)  model  is  used  to 
describe  the  <j2(T)  measured  by  EXAFS  experiments  [10],  While 
a  well-defined  frequency  of  local  optical  modes  is  used  in  the 
Einstein  model,  one  has  to  integrate  over  the  vibrational  density  of 
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Fig.  3.  Temperature  dependence  of  Co-0  (lower)  and  Co-Co  (upper)  MSRDs 
(symbols)  for  the  LiCo02  bulk  (right)  and  nanoparticles  of  15  nm  (middle)  and  8  nm 
(left).  The  solid  lines  represent  the  correlated  Einstein  model  fits.  The  Einstein- 
temperatures  («£)  for  the  Co-0  bonds  are  720  ±  45  K,  678  ±  36  K  and  645  ±  30  K 
respectively  for  the  bulk,  15  nm  and  8  nm  samples.  The  0 j]  for  the  Co-0  bonds  are 
~  0.0004,  ~  0.0008  and  ~  0.0014  respectively  for  the  bulk,  15  nm  and  8  nm  samples, 
indicating  a  large  static  disorder  in  the  nanoparticles.  On  the  other  hand,  the  dE  for  the 
Co-Co  bonds  are  443  ±  18  K,  458  ±  20  K  and  462  ±  21  K  for  the  bulk,  15  nm  and  8  nm 
samples  respectively.  The  a\  for  the  Co-Co  bonds  are  ~  0.0003,  ~  0.0008  and  ~  0.0014 
respectively  for  the  bulk,  15  nm  and  8  nm  samples,  again  consistent  with  larger  static 
disorder  in  the  nanoparticles. 
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states  (VDOS)  (including  acoustic  modes)  in  the  Debye  model. 
However,  in  the  harmonic  and  single  scattering  approximation  the 
simplest  model  to  describe  the  temperature  dependence  of  rr2(T)  is 
the  correlated  Einstein  model,  and  the  difference  between  the 
Einstein  and  Debye  models  is  generally  smaller  than  the  experi¬ 
mental  and  theoretical  uncertainties  in  the  low  temperature 
regime  [24,25],  Here,  the  c2(T)  is  well  described  by  the  correlated 
Einstein  model  [10,24,25],  an  appropriate  approximation  consid¬ 
ering  the  temperature  range.  The  Einstein  equation  to  describe  the 

A T)  is: 


<72(T)  = 


h 2 

2  ixkBeE 


(3) 


The  Einstein  temperature  ( dE ,  i.e.,  the  Einstein  frequency 
me  —  kBdE/h )  for  the  Co— 0  pairs  tend  to  decrease  in  the  nano¬ 
particles  with  respect  to  the  bulk,  indicating  a  decreased  local  force 
constant  of  this  bond  (k  =  /xw|,  where  k  is  the  effective  force 
constant  and  ji  is  reduced  mass  of  the  Co-0  pair).  Indeed,  the 
estimated  dE  for  the  Co— 0  bonds  in  the  bulk,  15  nm  and  8  nm  were 
720  ±  45  K,  678  ±  36  K  and  645  ±  30  K  respectively.  The  corre¬ 
sponding  force  constants  are  ~25.1  eV  A-2,  ~22.3  eV  hr2  and 
~20.1  eV  At2  for  the  three  samples.  Therefore,  it  appears  that  the 
local  Co-0  bondlengths  are  getting  relatively  flexible  with  nano¬ 
structuring  in  LiCo02.  Also,  the  temperature  independent  part  of 
the  correlated  Debye  Waller  factors  for  the  nanoparticles 
((Jq  =  0.0008  A2  and  0.0014  A2  respectively  for  the  15  nm  and  8  nm 
samples)  is  larger  than  the  bulk  sample  (<r2  =  0.0004  A2),  consis¬ 
tent  with  much  larger  static  disorder  in  the  nanoparticles.  Here,  it  is 
worth  mentioning  that  the  static  disorder  in  the  bulk  represent 
mainly  the  configuration  disorder,  however,  with  decreasing 
the  particle  size  from  bulk  to  the  nanoparticles,  the  static  disorder 
is  expected  to  have  significant  contribution  of  surface/interface 
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ase  of  (Jq  also  for  the  Co-Co  bonds  with  nano-structuring, 
d  to  be  0.0003  A2,  0.0008  A2  and  0.0014  A2  respectively  for 
mlk,  15  nm  and  8  nm  samples,  mere  indication  of  increasing 
n  general 
g  the  surface/ 
t  the  local  Co-0 
e  the  Co-Co  bonds  hardly 
show  any  change  (or  becomes  a  little  stiffer)  in  the  nanoparticles  of 
LiCo02,  suggesting  large  atomic  displacements  in  the  C0O6  octa¬ 
hedral  configuration. 

Earlier  we  have  studied  [9]  X-ray  absorption  near  edge  structure 
(XANES)  spectra  of  the  LiCo02  nanoparticles,  probing  higher  order 
atomic  distribution  function.  From  the  XANES  analysis  it  was  found 
that  the  nanoparticles  behave  as  if  LiCo02  bulk  is  being  delithiated, 
i.e.  there  is  an  apparent  increase  in  the  Co  valency.  However,  it  is 
different  from  Li  deficient  bulk  samples  of  LiCoC>2  that  show  [26] 
substantial  change  in  the  Co-0  distance,  which  decreases  with 
delithiation.  On  the  other  hand,  in-situ  studies  have  revealed 
increase  of  c-axis  lattice  constant  during  Li  extraction  [27],  In  the 
present  case,  the  Co— O  distance  increases  with  decreasing  particles 
size  (opposite  to  the  Co-0  distance  change  due  to  partial  deli¬ 
thiation  as  argued  above).  This  indicates  that  the  origin  of  the 
disorder  may  not  be  a  simple  Li  deficiency,  but  the  change  of 
octahedral  configuration.  Indeed,  the  present  study  has  clearly 
underlined  the  fact  that,  in  addition  to  the  static  disorder, 


nanostructuring  has  direct  and  substantial  influence  on  the  bond- 
length  characteristics.  In  particular,  the  Co— O  suffers  a  large  change 
in  the  bondlength  strength,  a  mere  indication  of  large  atomic 
displacements  within  the  C0O6  octahedra,  and  hence  the  electronic 
configuration.  In  fact,  the  delithiation  can  be  viewed  as  increase  of 
the  average  valence  of  Co  (consistent  with  the  XANES  analysis  [9]), 
i.e.,  a  part  of  the  Co3+  is  getting  transformed  in  Co4+,  which  is 
a  Jahn-Teller  ion  with  d5  configuration.  The  Jahn-Teller  distortions 
of  the  Co06  octahedra  have  natural  consequences  on  the  force 
constant  of  Co— O  bonds,  getting  more  flexible  in  the  nanoparticles. 
On  the  other  hand,  the  LiCo02  nanoparticles  seems  to  be  charac¬ 
terized  by  Co3+  ions  with  coexisting  Jahn-Teller  distorted  octa¬ 
hedra  (Co4+  ions).  Increased  Co-0  bondlengths  and  reduced  bond 
strength  with  decreasing  particles  size  should  be  due  to  the  Jahn- 
Teller  distorted  octahedra.  Therefore,  in  addition  to  the  static 
disorder,  octahedral  atomic  displacements  are  important  in  the 
nano-structuring. 

In  summary,  we  have  studied  temperature  dependent  local 
structure  of  the  LiCo02  bulk  and  nanoparticles  by  Co  K-edges  X-ray 
absorption  spectroscopy.  The  EXAFS  data  provide  clear  evidence  of 
local  disorder  in  the  nanoparticles,  increasing  with  the  decreasing 
particle  size.  In  addition  to  the  increasing  static  disorder,  the  Co-0 
bond  strength  shows  a  substantial  decrease  with  reducing  particle 
size  while  the  Co-Co  distances  hardly  suffer  any  change  in  their 
strength  (or  tending  to  get  stiffer).  In  conclusion,  the  study  of  the 
local  structure  of  LiCo02  nanoparticles  underlines  the  key  role  of 
local  atomic  displacements  in  the  C0O6  octahedra  and  disorder, 
being  limiting  factors  for  the  diffusion  and  the  reversibility  of  the 
Li+  intercalation  when  LiCo02  nanoparticles  are  used  as  cathodes 
for  batteries. 
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